A wide variety of eukaryotic cells are shown to engulf colloidal semiconductor nanocrystals, or quantum dots, when they migrate. Here we show that the uptake of the nanocrystals is directly correlated with the cell motility, by comparing in detail the motions of both cancerous and healthy human breast cancer cells, as well as several other cell types. The nanocrystals are more photochemically robust than organic dyes (which fade quickly) and do not perturb the cells. The ability to examine these behaviors in live cells over extended time periods, and to quantify changes in response to various molecular manipulations, provides a powerful tool for studying the processes of cell motility and migration -behaviors that are responsible for metastases of primary cancers.
INTRODUCTION
Motility and migration of cancerous cells are extremely detrimental properties that lead to metastases and formation of secondary tumors. Migration of cells and their metastatic potential are well known to be correlated, so that metastatic potential could be rapidly assayed by simply measuring motility 1 . Present methods for observing cell motility suffer from a number of practical limitations.
In this paper we demonstrate that recent advances in semiconductor nanotechnology enable greatly improved cell motility assays, based upon the phagokinetic uptake of colloidal quantum dots. This is an important practical application of nanotechnology in biomedical science.
The most direct method for observing cell motility, time lapse videos of cells in culture 2 , is restricted to measurements on just a few cells at a time, and therefore this approach is not widely used to make statistically significant studies of cell populations.
Improved statistics can be obtained with the "scratched wound method" 3, 4 , in which a region of the cell culture substrate is denuded of cells, and then the time scale for the filling of this "hole" is observed; unfortunately, the history of the cell migration paths are lost, and the analysis is complicated by subjective analysis of the complex and variable patterns of cell motion that lead to hole filling. A significant advance occurred with the development of the Boyden Chamber invasion assay, in which cells are seeded on one side of a membrane, and the rate of appearance of cells on the other side is monitored 5, 6 .
This method is by far the most widely used, yet it is extremely laborious; it requires that the cells be fixed, and thus destroyed, and it certainly does not allow for real time variation of the external conditions.
2 Twenty-five years ago, Albrecht-Buehler proposed a method for studying cell motility based upon observation of "phagokinetic tracks" 7, 8 . In the most general way, we can say that a phagokinetic track is generated when a cell passes over a layer of "markers", and ingests them, leaving behind a blank spot equal to the area the cell has traversed. In principle the method is very powerful, as it provides a rapid and automatic method for integrating cell motility while preserving the history of individual paths.
Until now, the method has only been used in a limited way due to problems with the available markers. Luminescence could not be used for phagokinetic tracking, because organic dyes bleach too quickly. Instead, the only marker that has been used is submicron Au particles, which can be imaged optically in transmission, and these impose many limitations, so that the technique has not received widespread acceptance.
The Au particles must be large (0.15 microns) in order to be observable optically.
Such large particles do not stick well to the substrate, and therefore have to be grown directly on the substrate in a process that yields highly inhomogeneous particle distributions. Since the particles are grown directly on the substrates, by pouring a hot (near boiling) aqueous solution onto the substrate, the range of usable substrates is limited. Further, due to the large size of the Au microcrystals, when a cell moves one diameter, it ingests a volume of Au corresponding to ~1% of the total cell volume, there is a strong possibility that this perturbs the cell motility. This is particularly true for small cells, such as epithelial cells, which are of particular importance in studies of metastasis, and in neurons. The film homogeneity is poor, and the inter-particle distance is large, limiting the resolution. Finally, this method provides only one level of contrast, so that it is restricted to measurements in two dimensions and it cannot easily be coupled 
RESULTS AND DISCUSSION
In all the experiments, thin layers of colloidal semiconductor nanocrystals were deposited on collagen-coated tissue culture substrates, followed by seeding of cells. Two sizes of colloidal nanocrystals, CdSe(2.8nm)/ZnS/SiO 2 , 8nm total diameter emitting at 554 nm and CdSe(4.1)/ZnS/SiO 2 , 16nm outer diameter emitting at 626 nm were used 15 . Two 
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These cells were also labeled with the dye FM 4-64, a lipophilic styryl dye frequently used to visualize vacuolar organelles and to study the endocytic pathway. The FM 4-64 rapidly faded during the first 10 minutes of data collection (one image collected every 20 seconds) due to significant photobleaching, a common characteristic of organic dyes ( Fig. 1A-C) . In contrast, no detectable decrease in the intensity of the green emitting nanocrystals was observed during the 16 minutes of imaging shown here (Fig. 1A-F) , or after extended time periods of laser exposure. After uptake, small vesicles of nanocrystals were transported from the cell periphery to the perinuclear region. Transport of one such vesicle is shown in Figure 1 as it travels at 0.1 µm/s towards the nucleus, a velocity compatible with transport via microtubule motors. The growth of cells on a layer of red emitting nanocrystals generated identical results (not shown). The size of the nanocrystals had no effect on uptake, transport or storage of nanocrystals.
One week after growth on nanocrystal-coated collagen, all cells contained perinuclear nanocrystals (Figure 2 ). To determine whether nanocrystals were restricted to the cytoplasm, or had entered the nucleus, DAPI was added to visualize the chromosomes. Both DAPI and green emitting nanocrystals were examined simultaneously using two-photon excitation at 760 nm wavelength, providing thin optical sections through the nucleus and demonstrating that nanocrystals were excluded from the nucleus. There is also no evidence of degradation of these nanocrystals over time. Cells that were trypsanized, replated on collagen in the absence of nanocrystals, and examined three days later all contained large nanocrystal-filled vesicles around the nucleus. Since there were no nanocrystals on the extracellular matrix for new cells to engulf, the nanocrystals must be passed to daughter cells during cell division.
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The degree of nanocrystal uptake reflects the migratory behavior of the cells.
MDA-MB-231 cells, which are a highly dedifferentiated, invasive mammary epithelial cancer cell line, voraciously engulf nanocrystals as they migrate. In doing so, they generate a region free of nanocrystals that clearly reveals their migratory pathways, as can be seen in cells that were cultured on nanocrystal-covered collagen for 24 hours (Fig.   4D-F) . Such clearings are not seen around cells examined three hours after plating ( Fig.   4A-C) . In contrast, the MCF-10A cells, a highly differentiated, spontaneously immortalized, non-tumor mammary epithelial cell line that is not migratory, demonstrate an intact layer of nanocrystals around them with little or no evidence of motility or migration after 24 hours of culture on the nanocrystal-coated collagen (Fig. 4J-L) . The layer of nanocrystals looks virtually identical to that seen around cells after three hours of growth on the nanocrystal-coated collagen ( Fig. 4G-I ). The behavior of these two cell types on nanocrystal-coated extracellular matrix is consistent with the behaviors characteristically associated with these cell types in the absence of nanocrystals; MDA-MB-231 cells are very invasive and migratory and MCF-10A cells are non-invasive, relatively immotile cells [16] [17] [18] .
The nanocrystal-free zone around the MDA-MB-231 cells seen after 24 hours is created by the engulfment of the nanocrystals as the cells crawl around the dish, rather than the displacement or degradation of nanocrystals. This is clearly demonstrated in Figure 2 , which shows optical sections of the cells obtained using confocal microscopy.
Numerous large vesicles filled with nanocrystals are seen juxtaposed to the nucleus in the MDA-MB-231 tumor cells after 24 hours (Fig. 2B ), whereas only a few, small foci containing nanocrystals can be seen in the MCF-10A cells ( Fig. 2A) . 
